Sixteen carbamate pesticides that belong to four chemical classes (oxime-N-methylcarbamates, aryl N-methylcarbamates, N-phenylcarbamates, and methyl esters of substituted carbamic acids) were investigated via three different commercially available thermospray interfaces and ion sources that exh ibit wide differences in source geometry. Comparisons were made between the three interfaces with respect to ion formation and sensitivity of detection. Experimental parameters were standardized to obtain comparable experimental conditions. Very similar mass spectra for most carbamates were obtained that illustrate independence from the geometry of the ion ization and desolvation chambers of the interfaces. These findings are in sharp contrast to several literature reports. However, thermally labile carbamates ga ve unsatisfactory results with regard to spectral compatibility between the interfaces. Such differences were due to thermally assisted hydrolysis reactions that occur in the vaporizer probe prior to ionization and reflect di fferences in the vaporizer designs. The study proves conclusively that comparable spectra can be obtained under thermosprar with different interfaces and mass spectrometers. {J Am Soc Mass Spectrom 1995, 6, 656-667 C urrently thermospray (TSP) has been used extensively as a liquid chromatography-mass spectrometry (LC-MS) interface for the determination of a wide range of chemical classes; for example, pesticides [1] [2] [3] [4] [5] [6] [7] mobile phase [16, 17] , require adjustments to obtain the necessary limits of detection and reproducibility, Mass spectrometric investigations of carbamate pesticides via different types of TSP interfaces have been reported widely [1] [2] [3] [4] [5] [6] [7] [18] [19] [20] [21] [22] [23] [24] [25] [26] . These studies, however, indicate that solitary protonated molecules and /or molecular ammonium adduct ions are formed by carbamates that provide no structural information. For an unambiguous identification of carbamates in environmental samples, several additional fragment ions are required for proof of presence. Several methods have been reported to increase the number of fragment ions ; for example, use of different ionization modes [1, 6] , postcolumn addition of adduct reagents [4, 19] or increased operating temperatures of the TSP in terface
C urrently thermospray (TSP) has been used extensively as a liquid chromatography-mass spectrometry (LC-MS) interface for the determination of a wide range of chemical classes; for example, pesticides [1] [2] [3] [4] [5] [6] [7] , azo dyes [8] , drugs [9] , and toxins [10, 11] . Interlaboratory validations have shown that this interface can be used for the quantification of a variety of pesticides [12, 13] . Man y experimental parameters, however, such as repeller voltage [14, 15] , interface temperature [1, 5] , and the composition of the mobile phase [16, 17] , require adjustments to obtain the necessary limits of detection and reproducibility, Mass spectrometric investigations of carbamate pesticides via different types of TSP interfaces have been reported widely [1] [2] [3] [4] [5] [6] [7] [18] [19] [20] [21] [22] [23] [24] [25] [26] . These studies, however, indicate that solitary protonated molecules and /or molecular ammonium adduct ions are formed by carbamates that provide no structural information. For an unambiguous identification of carbamates in environmental samples, several additional fragment ions are required for proof of presence. Several methods have been reported to increase the number of fragment ions ; for example, use of different ionization modes [1, 6] , postcolumn addition of adduct reagents [4, 19] or increased operating temperatures of the TSP in terface to enhance thermal fragmentation [5] . An increase of either the ion source or vaporizer temperature typically causes the dissociation of adduct ions, such as molecular ammonium adduct ions [ [1, 5, 18] . The [M + 59]+ adduct ion has been shown to be due to an impurity in the commercially available ammonium acetate [27] . Formation of the [M + 32]+ ion has been explained by means of unique ion-molecule reactions in the gas phase [18] .
TSP mass spectra reported in the literature are , however, inconsistent. For example, the relative abundances of protonated molecules, molecular ammonium adduct ions, and fragment ions for carbofuran for different TSP systems and source temperatures (but comparable vaporizer temperature and mobile phases) are listed in Table 1 . Ion abundances are inconsistent for different TSP systems (but identical ion source temperatures) and also for identical systems by application of different source temperatures. The latter effect might be explained in part by thermal dissociations . Differences in the TSP mass spectra obtained with different types of interfaces can be because of differences in source geometry and the ion source pressure. Although this statement generally has been used to explain differences in various experimental results, the influence of the ion source geometry on the ion formation of carbamates in thermospray mass spectrometry has not yet been investigated fully .
The purpose of this study was to investigate the direct influence of the ion source geometry on ion formation. Experimental parameters, such as interface temperatures, mobile phase composition, and flow rate, were maintained at constant values. Target compounds for this study were 16 carbamate pesticides (6 oxime N-methylcarbamates, 6 aryl N-methylcarbamates, 2 N-phenylcarbamates, and 2 methyl esters from substituted carbamic acids). Three commercially available thermospray systems, which exhibit substantial differences in vaporizer, desolvation, and ionization chamber design, were used to study and compare the influence of the source geometry.
Experimental

Chemicals
All pesticides (purity > 98%) were obtained from Riedel-de Haen (Seelze-Hannover, Germany) and Promochem (Wesel, Germany) and were used without further purification. Methanol (Merck, Darmstadt, Germany) and organic-free water (Millipore, Bedford, MA) were used as solvents. Ammonium acetate and ammonium hydroxide (25% solution) were purchased from Merck. Acetic acid was purchased from both Sharlau (Barcelona, Spain) and Merck.
Solutions
Stock solutions of the 16 carbamates at a concentration level of approximately 100 mg/l were prepared in methanol and stored in the dark at -20 c e. Standard solutions were diluted twice with water before use. An ammonium acetate buffer (pl-l 5.0) was prepared by adding 0.1 mol of acetic acid to 0.5 L of water, followed by dilution with 0.1 mol of ammonium hydroxide and water to 1 L final volume. This 200-mM solution was adjusted to pH 5.0 with acetic acid. Finally, this solution was mixed with 1 L of methanol.
Thermosprau
The thermospray mass spectra were obtained via three commercial TSP systems: System A, Vestee 701 (Houston, TX); System B, HP 5988A (Hewlett Packard, Palo Alto, CAl; System C, Finnigan TSP 2 (Finnigan MAT, Bremen, Germany). Representations of the three ion sources are illustrated in Figure 1 . The ion source of System C is a cylindrical tube with an equal diameter thoughout the entire source, whereas both other systems have a narrowing of the source near the sampling cone . System A still has a desolvation chamber with a constant diameter, but the volume of the ionization chamber is reduced by the large repeller electrode and the exit cone. The decrease of source volume is even mined with System C (Finnigan), a temperature of 4°C below the temperature that corresponds to the maximum ion current was used. In summary, System A has a vaporizer temperature of -198°C and a vaporizer tip temperature of 270°C; System B has a stem temperature of 92°C and a tip temperature of -202°C; System C has a vaporizer temperature of 104°C. Experiments were performed at ion source temperatures of 200, 250, and 300°C with all interfaces.
To closely approximate chromatographically separated peaks and to improve analytical precision, additional peak broadening was produced by insertion, between injector and interface of either a coiled stainless steel tube of approximately 50-em length or a 2-cm precolumn packed with 5-/Lm particles coated with a base-deactivated reversed-phase C s phase.
Liquid Chromatography
Liquid chromatographic separations were performed with a 12.5-cm X 3.0-mm Merck column packed with Lichrospher 60 RP-select-B (5 /Lm) . A flow rate of 0.6 mLjmin, supplied by a HP 1090 series 1 gradient pump, with a linear gradient from 20 to 95% methanol in water during 45 min, was used. A 175-mM ammonium acetate solution in water was added postcolumn with a Knauer (Bad Homburg, Germany) model 64 pump, with a flow rate of 0.4 mLjmin, which resulted in a total flow rate of 1.0 mLjmin and a final ammonium acetate concentration of 70 mM in the mobile phase [4, 6, 7] . With System A (Vestee) and B (HP) a tip temperature corresponding to 95% evaporation of the mobile phase was used. Because this point could not be deter-
Carbamate Pesticides Used as Target Compounds
Carbamate pesticides that belong to four different chemical classes of carbamates were used: 0) oxime N-methylcarbamates, (2) aryl N-methylcarbamates, (3) N-phenylcarbamates, and (4) methyl esters of substituted carbamic acids. Table 2 lists the commercial name, CAS number, chemical class, nominal mass, and structure of the individual carbamates. These 16 carbamates span the most important members of the carbamate pesticide group.
Signal-to-Noise Ratios
Investigation of the influence of the ion source temperature on the signal-to-noise (SjN) ratios was performed on three carbamates-methomyl, promecarb, and thiodicarb.
Flow injections of 2 ng of each compound by using the selected ion monitoring mode at ion source temperatures of 200, 220, 240, 260, 280, and 300°C were conducted. For each temperature, multiple (five) injections for every compound were conducted. Prior to this experiment, all systems were tuned by using the protonated molecule ions of these compounds at mjz 163, 208 , and 355 with the ammonium acetate buffer solution that contained 2 ppm of the three carbamates. 
Results and Discussion
The different designs of the three TSP ion sources already have been discussed in the Experimental section (see also Figure 1 ). All experiments were performed at ion source temperatures of 200, 250, and 300°C via either direct thermospray, filament-assisted buffer ionization, or solvent-mediated chemical ionization. The spectra derived from the first two ionization modes were very similar. Consequently, to minimize the amount of data, only the results for the filamentassisted buffer ionization and solvent-mediated CI experiments will be discussed in this report (further data are available from the corresponding author upon request). Corresponding experiments in the dischargeassisted buffer ionization mode were not performed, because System B was not equipped with a discharge electrode. Table 3 summarizes the mass spectra obtained for the 16 target carbamates for Systems A, B, and C. (The results for solvent-mediated CI will be discussed only for some characteristic mass spectra; see subsequent text). Although the major discussion will be focused on the influence of the temperature and the ion source geometry on ion formation, a possible influence of the geometry of triple-stage quadrupole systems on ammonia cluster ions also is briefly discussed. in triple-stage quadrupole mass spectrometers in the region between the first and third quadrupole as previously reported [27] . Obviously, the metastable loss of ammonia can generate differences in the mass spectra when the third quadrupole (Q3) is used as the scanning device instead of the first quadrupole (Q1). Thus , it was of importance to investigate this effect with the triple-stage quadrupole System C before initiation of the comparison with the single-stage quadrupole systems A and B.
Metastable Loss of Ammonia
Five carbamates (aldicarb, carbofuran, thiodicarb, dioxacarb, and promecarb) were selected for this portion of the research. Experimental results are summarized in Table 4 for promecarb. At all source temperatures (200, 250, and 300°C) aldicarb, dioxacarb, and promecarb exhibited ratios of total ion current of the protonated molecule ion relative to the molecular am-
that were larger when Q3 rather than when Q1 was the scanning device (Table 4) . These data are consistent with the metastable loss of ammonia from the [M + H + NH 3]+ ion. The mass spectra of carbofuran and thiodicarb contained low abundant molecular ammonium adduct ions and thus no significant differences in the mass spectra between Q1 and Q3 were observed. The metastable loss of ammonia was less intense at higher source temperatures, because severe loss of ammonia had already taken place in the ion source. The fragmentation was only slightly affected by the triple-stage design; that is, no significant increase of the specific fragment ion [M + H -CH 3NCO]+ is observed when Q3 is used for mass scanning in comparison to Q1.
In conclusion, for the comparative study, Q1 was used for mass scanning with System C rather than Q3 to avo id metastable loss of ammonia as demonstrated in the foregoing text.
Ion Formation: Filament-Assisted Buffer Ionization
Filament-assisted buffer ionization mass spectra obtained with the three interfaces for the various carba-mates are discussed according to the chemical class of the target compounds.
Oxime Nrmethqlcarbamates . For the oxime N-methylcarbamates (aldicarb, butocarboxim, methomyl, oxamyl, thiodicarb, and thiofanox), the mass spectra obtained with the three interfaces at an ion source temperature of 200°C are consistent (Table 3) . Slight deviations were observed for methomyl at 200°C; the ratio of the relative abundances of the protonated molecule ion and the molecular ammonium adduct ions was not consistent between the three interfaces. The source with the larger ionization chamber (System C) generated spectra for methomyl with less extensive molecular ammonium adduct ion formation as compared to the other systems with smaller ionization chambers. The same observations held for fragment ions. Thermally labile compounds such as thiodicarb exhibited a base peak at m rz 180 at 200°C, which is the ammonium adduct ion of a fragment. For System C the corresponding ion at m/z 163 is most abundant in the spectra. In the case of thiofanox, strong fragmentation was observed, especially with System C. In general, System C exhibited more fragmentation with thermally labile compounds. Degradation reactions are due to condensed-phase dissociations in the vaporizer probe prior to ionization. The design of the vaporizer of System C causes more thermal stress to the analytes than the other systems.
Aldicarb only exhibited the loss of CH 3NHCOOH , whereas for its isomers (butocarboxim and methomyl), loss of methylisocyanate (CH 3NCO) was the preferred fragmentation pathway. Th is behavior is consistent with previously reported results [25] . Moreover, butocarboxim showed less abundant fragmentation than aldicarb. Oxamyl and thiofanox take an intermediate pathway and consequently their mass spectra contained both types of fragment ions. Competition between these two fragmentation pathways was influenced directly by the substituent at C-1 (Scheme O.
This group can hamper a rearrangement reaction of the molecule after loss of the carbamic acid group similar to a condensed-phase Beckmann rearrangement that leads to the [MH -75]+ ion. The methyl group (butocarboxim, methomyD at C-1 appears to influence the loss of methylisocyanate. The presence of a proton (aldicarb), a tertiary butyl, or a carbonyl group leads to an ambident character.
N-Pl1enylcarbamates. The mass spectra of the thermally labile N-phenylcarbamates desmedipham and phenmedipham [5] were consistent with all interfaces at 200°C. These compounds tend to form methanol and ammonia cluster ions of both the isocyanate and the alcohol moiety at low temperatures after thermally assisted degradation in the vaporizer. For phenmedipham the base peak is the ammonium adduct ion of the phenyl alcohol, which is formed after loss of CH 3C bH 4NCO by thermally assisted hydrolysis in the vaporizer. Consequently, the neutral isocyanate also can give rise to ions , which are formed either by chemical reaction with solvent molecules and subsequent adduct formation with NH t or by direct ionization via NHt addition [4] . Again, more fragmentation is observed with System C than with both other systems because of the different vaporizer designs (see the subsequent discussion of the [M + 32]+ ion).
Aryl-N-metl1ylcarbamates. The mass spectra of the aryl-N-methylcarbamates were rather straightforward: they contained the molecular ammonium adduct ion; for carbofuran and propoxur at all temperatures investigated. These results for carbofuran are, however, in agreement with previously published data (see Table  1 ). As for methomyl, the distinct design of the interfaces features differences in the mass spectra of carbofuran and propoxur. These differences are encountered mainly in changes of the relative abundances of the molecular ammonium adduct ions and the protonated molecule ions with temperature. The larger ionization chamber (System C) again favors the formation of the protonated molecule ions rather than the molecular ammonium adduct ions . the fragment ion at l1I/z 190 was the base peak at all temperatures for all three interfaces. This ion was due to a degradation prior to ionization followed by ammonium addition as previously reported [5] . The abundance of the [M + H + NH 3]+ ions at m/z 248 was found to be strongly dependent on the type of interface used; it was more abundant in the mass spectra of System A. Such differences appear to be influenced mainly by differences in the vaporizer temperatures applied with the three interfaces (see the following discussion of the [M + 32]+ ion). Higher ion source temperatures result in a better similarity of the mass spectra.
Carbamic acid esters.
In general, the abundances of molecular ammonium adduct ions for all compounds were the lowest in case of System C, whereas the abundance of fragment ions was most intensive with this interface. The decrease in the internal diameter of the desolvation chambers for VOLMER IT AL. Systems A and B can generate a higher pressure in this region, which makes adduct ion formation more favorable. This explanation is consistent with the observation that adduct ion formation is more abundant in these systems.
I Am
In all three interfaces, increased ion source temperature decreased the relative abundance of ammonium adduct ions. This effect has been reported before [5] and was due to dissociative processes. These processes also can explain the increase of the fragment ion abundance of the [M + H -CH 3NCO]+ and [M + H -CH 3NHCOOH]+ ions with increased ion source temperature, especially for the oxime N-methylcarbamates, the N-phenylcarbamates, the methyl ester substituted carbamic acids, and the aryl N-methylcarbamate aminocarb. The presence of thermally assisted hydrolysis of the carbamate group also should be considered. Other aryl N-methylcarbamates do not show a significant increase in fragmentation when the ion source temperature is increased.
Most interesting was the fact that an increase in the source temperature by 50°C allowed a much larger effect on the mass spectrum of a particular compound to be observed with System C than by application of the same temperature raise with the two other interfaces. These experimental results can be explained readily by the fact that the reagent ion pressures are probably higher in Systems A and B in comparison to source C, and thus a collision stabilization of the quasimolecular ions take place, even at higher source temperatures. were observed with abundant sodium and potassium adduct ions with System C. These adduct ions probably were due to impurities in the mobile phase. The presence of these types of ions in TSP has been reported previously [26] . Figure 2 summarizes the solvent-mediated CI mass spectra of aminocarb for Sys- The mass spectra in the solvent-mediated CI mode were in general consistent with those obtained in the filament-assisted buffer ionization mode, although in the solvent-mediated CI mode a somewhat higher fragmentation level is observed [1, 6] due to the lower proton affinity of the organic modifiers (methanol or acetonirril) as compared to ammonia. In addition, in several solvent-mediated CI experiments mass spectra By increasing the ion source temperature, large increases were not detected in the thermally assisted hydrolysis formation of the methylisocyanate from the carbamate moiety as observed in the filament-assisted buffer ionization mode. This result can be explained by the fact that differences in temperature of the vaporizer and ion source were not as important in this mode because of the higher degree of fragmentation already present caused by the lower proton affinities of the reagent ions. Methylisocyanate (CH 3NCO) and eventually methylarnine (CH 3NH Z ) can be formed from the carbamate pesticides by thermally assisted hydrolysis in the vaporizer [23] . The proton affinity of methylamine is high (896 kJ/mole [24] ). Protonated methylamine at rn/z 32 readily forms adduct ions with the neutral carbamates in the gas phase. In contrast to the molecular ammonium adduct ions, the relative abundances of the [M + 32]+ adduct ions of aldicarb and butocarboxim increased when the ion source temperature was increased by 100°C (Table 3) . A possible explanation involves consideration of thermal dissociations of the N-methylcarbamate group in the ion source. However, the abundance of the [M + 32]+ ions for methomyl and oxamyl decreased with increasing ion source temperature.
In summary the formation of [M + 32]+ ions mainly depends on the design of the vaporizer probe rather than the ion source geometry. Differences in the relative abundances of this ion between the three investigated ion sources probably do not reflect differences in the source designs.
SIN Ratio
The influence of the ion source temperature on the signal-to-noise (S/N) ratios of the protonated molecules of methomyl, promecarb, and thiodicarb was investigated with the three systems.
The results are summarized in Figure 4a -c, where the signal-to-noise ratios are plotted as a function of the ion source temperature. All SIN ratio curves maximize within a narrow temperature range of approximately 250-260°C. The initial increase of these curves was believed to be due to stabilization of the aerosol and a more complete desolvation of the droplets [5] . This enhanced desolvation eventually increased the number of neutral molecules in the gas phase prior to ionization and/or favored the enhanced formation of completely desolvated ions in the mobile phase. ...,....-.--....,....-.--....,....-.--. ..., Conclusion [28] . For thiodicarb, no significant changes of the absolute [M + H]+ ion currents were observed for ion source temperatures higher than 260°C. Thus the initial increase in S/N was caused by an increase in signal intensities of the [M + H] + ions, whereas the decrease above -260°C mainly was due to an increase in noise. In the case of methomyl and promecarb, both increased noise and decreased absolute signal intensities were responsible for the curve shape at higher temperatures.
The results of this study, using three different thermospray interfaces, have demonstrated via standardization of the experimental parameters, that for 12 of the investigated compounds no significant differences in the mass spectra were observed, especially for low ion source temperatures. Therefore, it can be stated that for sufficiently thermally stable molecules the ion source geometry has only a small influence on the actual ion formation. Significant differences in mass spectra between the three interfaces at a given temperature were observed for the thermally labile compounds asularn, thiodicarb, and thiofanox. These differences mainly were due to thermally assisted hydrolysis of the parent compounds in the vaporizer probe and thus do not necessarily reflect differences in the ion source geometry. Standardization of the vaporizer conditions was difficult and therefore differences with thermally labile compounds may occur. The presence of [M + 32]+ ions in the mass spectra of oxime N-methylcarbamates was consistent with this explanation.
Differences were observed in the mass spectra of carbofuran for low source temperatures. These differences were caused by changes in the relative intensities of the molecular ammonium adduct ion and the protonated molecule ion with temperature and reagent ion pressure, and thus directly reflect differences in source geometry. These effects were more pronounced with a larger ionization chamber and a lower reagent ion pressure in the source. An increase of the pressure due to a narrowing of the desolvation and ionization chamber can cause collision stabilization of both the molecular ammonium adduct ion and the protonated molecule ion.
At higher ion source temperatures, loss of ammonia from the molecular ammonium adduct ions and thermal fragmentations can take place in all three interfaces. The extent of this dissociation depends on the interface type, and consequently the mass spectra observed for higher source temperatures were less consistent. By taking into account the strong dependence of the S/N ratios on the ion source temperature, 250-260°C is considered to be optimal with respect to sensitivity and spectral compatibility for all three interfaces.
Mass spectral differences between the various inter- Decrease of the S/N ratio curves for temperatures > 260°C in the case of methomyl and promecarb was due to thermally assisted fragmentation and/or the instability of the spray. The latter effect has been reported for the direct liquid introduction interface face types for all investigated compounds were mainly due to temperature and related pressure effects, Differences in source geometry were considered only to promote these spectral differences because of their effect on the ion source pressure.
